ABSTRACT Cathepsin M, which catalyzes inactivation of both rabbit liver fructose-1,6-bisphosphate aldolase (EC 4.1.2.13) and rabbit liver fructose 1,6-bisphosphatase (Fru-P2ase; EC 3.1.3.11), has been characterized as a peptidyl peptidase. Modification of the COOH terminus of aldolase by cathepsin M or by Fru-P2ase converting enzyme 2 abolishes its ability to bind to phosphocellulose P11 and to form the complex with Fru-P2ase. On the other hand, modification ofthe COOH terminus of Fru-P2ase does not affect its interaction with aldolase. This property is lost, however, when Fru-P2ase is modified in the NH2-terminal region by the converting enzyme or by subtilisin. The results suggest that interaction of aldolase and Fru-P2ase may involve the exposed COOH-terminal region of the former and an exposed proteinasesensitive region located between residues 57 and 67 of the latter.
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During fasting, the activity of fructose-1,6-bisphosphate aldolase (EC 4.1.2.13) in rabbit liver decreases (1, 2) and an immunologically crossreacting material accumulates (2, 3) . We have identified several lysosomal proteinases that catalyze inactivation of purified rabbit liver aldolase; limited proteolysis by one or more of these proteinases may be responsible for the changes observed in vivo. A new proteinase, designated cathepsin M, is ofparticular interest because (i) it is partially associated with lysosomal membranes, (ii) fasting increases the activity of the membrane-bound form, and (iii) it is expressed by intact lysosomes at neutral pH (4) . Cathepsin M also catalyzes inactivation of rabbit liver fructose 1,6-bisphosphatase (Fru-P2ase) (4) .
In this paper, we report that, for both aldolase and Fru-P2ase, inactivation by cathepsin M is associated with loss of a segment of the COOH terminus. Complex formation between the two enzymes (5, 6 ) is affected by this modification of aldolase but not by similar modification ofthe COOH terminus ofFru-P2ase. On the other hand, modification of Fru-P2ase by either subtilisin or Fru-P2ase converting enzyme 2 (CE 2) does abolish its ability to form the complex with aldolase. Fru-P2ase modified by these enzymes shows substantially increased catalytic activity at pH 9.2, and this change in catalytic properties appears to be associated with nicking of one or more peptide bonds in a susceptible region located near the NH2 terminus, between residues 57 and 67 (7, 8) .
MATERIALS AND METHODS Materials. Aldolase (5) and Fru-P2ase (9) were purified from livers of fed rabbits as described. The enzymes were stored at 2°C as suspensions in 80% saturated (NH4)2SO4. Before use, aliquots were centrifuged and the precipitates were dissolved in 10 mM sodium acetate (pH 6.0) and dialyzed overnight against the same buffer. Cathepsin M (4) and CE 2 (10) were purified from lysosome-rich rabbit liver heavy particle fraction as described. Ultrogel AcA34 was purchased from LKB.
Enzyme Assays. Aldolase and Fru-P2ase activities were assayed as described by Gracy et al. (11) and Traniello et al. (12) , respectively, the latter in the presence of 2 mM MgCl2.
Proteolytic Modification. Modification of aldolase and FruP2ase by cathepsin M was carried out at 37°C in reaction mixtures containing enzyme at 2 mg/ml in 50 mM Hepes (pH 7.25) and cathepsin M at 20 Mg/ml for digestion of aldolase or at 50
,ug/ml for digestion of Fru-P2ase. Modification of aldolase (2 mg/ml) or Fru-P2ase (2 mg/ml) with purified CE 2 (50 ,g/ ml) was carried out at 37°C in 50 mM NaOAc adjusted to pH 6.0 for aldolase or pH 5.0 for Fru-P2ase. When the loss ofactivity of aldolase reached 80-85%, the solution was adjusted to pH 8.5 and the mixture was cooled in ice. Digestion of Fru-P2ase was terminated after 3 hr, when the activity at pH 9.2 had increased nearly 4-fold. Peptides released during proteolysis were separated from undigested proteins by precipitation ofthe latter with 7% trichloroacetic acid (final concentration). The supernatant was extracted with ether to remove trichloroacetic acid and aliquots were hydrolyzed at 110°C for 18 hr with 5.7 M HCl/0. 1% phenol in sealed evacuated vials. The solutions were lyophilized and analyzed for free amino acids. For qualitative identification ofthe peptides released, aliquots were analyzed by reverse-phase HPLC as described (13) .
Digestion ofAldolase with Subtilisin. Subtilisin was also used to evaluate the modification of the COOH terminus of rabbit liver aldolase after incubation with cathepsin M. Subtilisin has been shown to release two peptides specifically from this region of the molecule, including the COOH-terminal tetrapeptide Ser-Tyr-Thr-Tyr (13) . Aliquots (0.5 mg of aldolase) were removed from the reaction mixtures, treated with leupeptin (final concentration, 10 uM) to stop the digestion, and dialyzed for 6 hr against 10 mM diethanolamine/10 mM triethanolamine, pH 7.5. The dialyzed samples were incubated at 250 C with subtilisin at an aldolase/subtilisin ratio of 2,500:1 for 30 min; then, trichloroacetic acid was added and the amino acid composition of the released peptides was determined as described above. Digestion of Fru-P2ase with subtilisin was as described (14) .
Evaluation of the Interaction between Aldolase and FruP2ase. Native or modified enzymes were dialyzed for 6 hr against 5 mM diethanolamine/5 mM triethanolamine buffer (pH 8.5) . Interaction between the two enzymes was measured by comparing the distribution coefficients obtained with the enzymes singly or in mixtures containing 1.5 nmol of each as Abbreviations: Fru-P2ase, fructose 1,6-bisphosphatase; CE 2, FruP2ase converting enzyme 2.
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described (6) . The decrease in the distribution coefficient observed with the equimolecular mixture was taken as 100% interaction.
Binding of aldolase to phosphocellulose P11 was evaluated on the same dialyzed solutions as described (3) .
RESULTS
Modification of Rabbit Liver Aldolase by Purified Cathepsin M. Incubation of rabbit liver aldolase with cathepsin M at pH 7.25 resulted in loss of catalytic activity at a rate and to an extent that were dependent on the quantity of cathepsin M added (Fig. 1) . We have previously reported (4) that this digestion does not alter the subunit molecular weight of the digested enzyme as determined by NaDodSOjpolyacrylamide gel electrophoresis. We have now determined that the loss of catalytic activity during digestion with cathepsin M is correlated with the release ofpeptide(s) containing the two tyrosine residues at or near the COOH terminus (Table 1) . Modification ofthe COOH terminus was confirmed by the finding that digestion of the modified enzyme with subtilisin released corresponding smaller quantities of peptides containing tyrosine (Table 1 ). In addition, HPLC of the acid-soluble fraction collected after digestion for 75 min, when the activity had decreased =50%, yielded a single peptide with the composition Thrl1 Seri.oAlal iTyr2.0. This corresponds to the last five residues from the COOH terminus having the sequence Ala-SerTyr-Thr-TyrOH. After digestion for 240 min, when inactivation had reached -80%, HPLC yielded a complex mixture of peptides containing residues from internal regions whose sequence has not yet been established.
Digestion of rabbit liver aldolase with purified CE 2 also resulted in loss of activity and loss of peptides containing the COOH-terminal tyrosine residues. When 50% and 80% of the catalytic activity was lost, the acid-soluble peptides contained 1.1 and 1.5 equivalent of tyrosine per aldolase subunit, respectively ( Table 2) .
Modification of aldolase with cathepsin M was found to abolish its ability to bind to phosphocellulose P11 (Table 1) . How (8, 10, 15) . The change in activity at pH 9.2 resulting from the action of GE 2 has been attributed to a conformational change associated with hydrolysis of the Asn-64/Val-65 bond. This modification does not lead to dissociation of the resulting subunit fragments (8) .
The second type of modification, catalyzed by cathepsin M, is accompanied by loss of catalytic activity at pH 7.5 (4). This loss of catalytic activity, like that described above for rabbit liver aldolase, is related to limited proteolysis at the GOGH terminus (Table 3) . Amino acid analysis of the total acid-soluble peptides formed during the digestion indicated that these accounted for 17-21 residues from the GOGH terminus, the sequence of which has recently been determined (16) . Gomplex formation between rabbit liver aldolase and rabbit liver Fru-P2ase, as measured by the gel penetration technique, was not appreciably affected during early stages of modification by cathepsin M but was abolished when all four subunits were modified (Fig. 2) . The loss of complex formation could be shown to follow the theoretical curve for the formation of fully modified tetramers calculated from the decrease in activity. This supports the conclusion that one native subunit per tetramer is sufficient for the interaction with Fru-P2ase and is consistent with pre- vious evidence for the formation of a 1:1 complex (6). The loss of ability of aldolase to form the complex paralleled the loss of its ability to bind to phosphocellulose P11 (Fig. 2) , which also may be assumed to require the presence of only a single native subunit. Loss of activity, on the other hand, was linear with subunit modification, as shown by release of COOH-terminal tyrosine ( Fig. 2 and Table 1 ).
Modification of the COOH terminus of Fru-P2ase by cathepsin M and concomitant loss ofcatalytic activity did not affect the ability of the enzyme to form the complex with aldolase (see Table 4 ).
Effect of Modification ofAldolase and Fru-P2ase with Other Proteinases on Complex Formation. Modification of aldolase by subtilisin or by CE 2, which like cathepsin M catalyzes limited modification ofthe COOH terminus ofrabbit liver aldolase (Table 2) , also abolished its interaction with rabbit liver FruP2ase. As indicated above, similar modification of the COOH terminus of Fru-P2ase by cathepsin M did not affect complex formation. However, modification with subtilisin or with CE 2, which did not affect the catalytic activity at pH 7.5, resulted in loss ofthe ability of Fru-P2ase to complex with aldolase (Table  4) . These proteinases nick internal peptide bonds but do not modify the COOH terminus of Fru-P2ase (7, 8) . Modification of Fru-P2ase with cystamine, which activates Fru-P2ase by for- inactivated. Digestion of Fru-P2ase was terminated when NaDodSO4 disc gel electrophoresis showed that no native subunits remained. In each case, the modified enzyme was precipitated with 80% saturated (NH4)2SO4 and the precipitated protein was collected and dialyzed against 5 mM diethanolamine/5 mM triethanolamine, pH 8.5. Reaction of Fru-P2ase with cystamine was as previously reported (18) . Activity of the cystamine-modified Fru-P2ase was 32 units/mg at pH 7.2 and 28 units/mg at pH 9.2, increases of 5-fold and 2.7-fold, respectively, compared with the activity of the native enzyme. * Distribution coefficients were determined for unmodified Fru-P2ase in the presence of equimolar concentrations of modified forms of aldolase. Kd for Fru-P2ase was 0.82; Kd for Fru-P2ase in the presence of unmodified aldolase was 0.49. Distribution coefficients for unmodified aldolase were determined in the presence of equimolar concentrations of modified forms of Fru-P2ase. Kd for aldolase alone was 0.80.
Values in parentheses are those predicted for the 21-amino acid segment at the COOH terminus of Fru-P2ase (15) . HPLC analysis indicated the presence of a number of free amino acids, including lysine, and peptides that emerged in overlapping fractions. The peptides were not identified. mation of a protein-cystamine disulfide bond (17, 18) , also did not alter its ability to form the complex (Table 4) .
DISCUSSION
The evidence presented here indicates that inactivation of rabbit liver aldolase or rabbit liver Fru-P2ase by cathepsin M is the result of limited proteolytic modification of the COOH terminus. CE 2 catalyzes a similar modification of liver aldolase but does not modify the COOH terminus ofFru-P2ase. Instead, CE 2 modifies the latter enzyme by nicking internal peptide bonds, one of which is located in the NH2-terminal region (8) .
Modification of aldolase abolishes its ability to bind to phosphocellulose P11 and also to form a complex with rabbit liver Fru-P2ase. The presence ofone native subunit, however, is sufficient for full expression of these properties. The finding that native aldolase and Fru-P2ase form a 1:1 complex suggests that interaction ofone subunit in each tetramer results in conformational changes in the other subunits that affect their ability to interact.
Aldolase has been shown to undergo inactivation in livers of fasted rabbits without significant change in molecular weight or loss ofits ability to bind antialdolase antibody (2, 3) . Aldolase so modified in vivo resembles aldolase modified with cathepsin M in vitro with respect to loss ofboth catalytic activity and ability to bind to phosphocellulose P11.
The results provide some indication as to the nature of the interaction between rabbit liver aldolase and rabbit liver FruP2ase. Although the essential region in aldolase appears to be located at or near the COOH terminus, this region of Fru-P2ase can be removed without affecting the interaction. In the case of Fru-P2ase, the structure necessary for interaction appears to be located in the region between residues 57 and 67, an exposed region that is sensitive to modification by subtilisin (7) and by lysosomal proteinases (8, 9) . The proteinases-sensitive region in Fru-P2ase has been shown to be highly conserved throughout the animal kingdom (19) , and this region, as well as the exposed COOH-terminus segment in aldolase, may be required for complex formation between the two enzymes.
